INTRODUCTION
Two classes of genes dominate the chloroplast genome of land plants: those coding for components of the photosynthetic apparatus and those encoding components of the chloroplast gene expression system. The latter class is represented by a larger number of genes for ribosomal proteins, several genes for subunits of the plastid encoded RNA polymerase and genes for tRNAs and rRNAs. In addition, there is a single gene for a protein involved in splicing, designated matK. matK encodes a protein with homology to bacterial intron maturases. matK, like its bacterial relatives, is located within an intron, in this case within the trnK precursor RNA (Neuhaus and Link, 1987) . This intron belongs to a class known as the group II introns, which are characterized by six secondary structure domains (Michel et al., 1989; Lambowitz and Zimmerly, 2004) . Maturases are almost always found within domain IV of group II introns. The bacterial maturases are multifunctional proteins that are required for splicing as well as for making their intron mobile (Lambowitz and Zimmerly, 2011) . They are with few exceptions specific for their own intron (Carignani et al., 1986; Anziano et al., 1990; Anziano and Butow, 1991; Lambowitz and Zimmerly, 2004) and are capable of down-regulating their own expression (Singh et al., 2002) . In the case of MatK, however, genetic and phylogenetic evidence suggest that it aids in splicing multiple introns (Wolfe et al., 1992; Hess et al., 1994; Hübschmann et al., 1996; Vogel et al., 1999; Funk et al., 2007; Duffy et al., 2009; Gao et al., 2009; McNeal et al., 2009) . Binding studies indicated an association with the trnK intron at least in vitro (Liere and Link, 1995) . Recently, it was shown that MatK associates in vivo with seven group II introns including the trnK intron (Zoschke et al., 2010) .
Splicing in land plant chloroplasts is carried out by a multitude of proteins, many of which have been characterized over the last 15 years (Khrouchtchova et al., 2012) . Among these splicing factors, MatK is distinguished because it is the only one expressed from the chloroplast genome. All other factors are nuclear-encoded. The matK gene has an unbroken chloroplast heritage in land plants and can in fact also be found in green algae sister groups of embryophytes (Turmel et al., 2006) . MatK is a standard molecular marker for phylogenetic studies and has been amplified from tens of thousands of plant species (CBOL_Plant_Working_Group, 2009) . It has been lost in parasitic species of the genus Cuscuta (Funk et al., 2007; McNeal et al., 2009 ) and a parasitic orchid (Delannoy et al., 2011) . These plants have also lost the group II introns shown to be associated with the MatK protein, thus making the matK gene dispensable.
Little is known about the expression characteristics of matK or of its intron targets, information that is necessary to appreciate a potential regulatory role of this peculiar splicing factor. We therefore set out to perform a comprehensive expression analysis of MatK and its network. Furthermore, we developed a mathematical model that was fit to our experimental data. Theoretical predictions derived from simulations using this model indicate that MatK plays a critical role in the splicing of intron-containing chloroplast tRNA genes early in development. Moreover, the model implies an auto-regulatory feedback mechanism required for the idiosyncratic accumulation kinetic of MatK. Testable predictions made by the model are discussed.
RESULTS

MatK protein accumulation is inversely correlated with matK mRNA levels during early tobacco development
It was previously shown by Western analysis of protein extracts prepared from tobacco plants of different ages that MatK displays a complex accumulation pattern across tobacco development (Zoschke et al., 2010) .
The main peak of MatK protein accumulation is found at day 7 after imbibition. Here, we extracted RNA from samples of the same age groups used in this previous study to analyze protein accumulation. For plant ages of 3 to 38 days, we used whole seedlings for RNA extraction, excluding roots. For 59-day old plants, only leaf tissue from mature leaves was used. The samples are from plants that had been grown in parallel to those used for protein analyses published previously (Zoschke et al., 2010) . With these samples, we performed RNA gel blot hybridization using probes located within the matK reading frame and within exon 2 of tRNA-K(UUU) (Fig. 1) . The signals obtained were scored based on their length and whether they are detected with intron-or exon-specific probes. Thus, we identified unspliced precursor RNAs (larger than 2.5 kb; the unspliced tRNA including the matK reading frame is ~2600 nt long), free intron RNA and the mature tRNA. The autoradiographs of two biological replicates were quantified (Fig. 1) . The quantification demonstrates that the levels of the mature, spliced tRNA-K(UUU) increase early to reach a plateau after only 7 days of development. By contrast, the precursor RNAs show a more complex accumulation pattern with a main peak in 25 day-old seedlings and a minimum at 7 days. The band at 2.5 kb,
presumably the free intron, shows the same pattern as the precursor, suggesting that there is no independent regulation of these two transcript types. Both tRNA precursor and free intron are putative templates for the translation of the matK reading frame. We therefore compared accumulation of these trnK mRNAs with the accumulation of the MatK protein determined previously ( Fig. 1, dotted graph) . Initially, both mRNA and protein levels start out in parallel (0-3 days post imbibition; hereafter dpi). At day 7 and 11, the two curves show an inverse correlation. In fact, peak MatK protein accumulation coincides with the lowest matK mRNA accumulation at 7 days of tobacco development. Later, mRNA levels increase until 25 days of development while protein levels decline since day 18. This suggests that translation or protein stability of MatK is independently and, at least during early development, inversely regulated relative to mRNA levels.
RNA stability of matK increases in mature tobacco seedlings
The changes identified in the accumulation of tRNA-K(UUU) precursors, i.e. matK mRNA, prompted us to investigate whether they are due to changes in transcription or due to changes in RNA stability. We used run-on transcription assays to analyze transcription rates in 7-day old and 25-day old plants, because these represent the lowest and highest points of matK mRNA accumulation in tobacco development (Fig. 1) . Equal amounts of chloroplasts were used for each experiment. Two biological replicates (independent isolations of chloroplasts) were performed and results from one of these replicates are shown in Figure   2A .
Radiolabeled run-on RNA was hybridized to probes representing all chloroplast introns as well as a number of intron-free chloroplast RNAs. Even inspection of the autoradiographs by eye reveals an overall increase in signal in the mature plant sample. This becomes even clearer when the results are quantified and the ratios of run-on transcription signals in 25-day old plants versus 7-day old plants are displayed for the MatK-dependent introns ( Fig. 2B ):
Changes in transcriptional activity vary between 2-fold for trnK and trnA and almost 8-fold for rps12. In order to compare run-on data with changes in steady state levels, we performed RNA gel blot analyses of all seven known MatK target RNAs (trnK, A, I, V, rpl2, rps12, atpF; Fig. 3 A-C; E-G) and one non-MatK target group II intron control (trnG; Fig. 3D ). We used the same RNA samples as used to investigate accumulation of trnK and matK (Fig. 1) . As for matK, we identified precursor RNAs, spliced RNAs and -where possible -free introns. The pattern for all investigated tRNAs is similar to tRNA-K (UUU) in that the precursors show a pronounced peak at day 25 of development, whereas the mature tRNAs reach a plateau early on during development without much further change. The unspliced mRNA precursors of rpl2, rps12 and atpF also display maximal accumulation on day 18 and day 25 of tobacco development. In contrast to tRNAs, spliced mRNAs closely follow the behavior of unspliced precursor RNAs across development. For rpl2, the free intron does display this behavior as well, while for rps12, the presumable free intron 2 shows an increase in accumulation until the endpoint of the measurements done here. The rps12 intron 2 is the only detected intron
here that displays such unusual accumulation behavior, which suggests an active stabilization of this RNA species. Overall, the ratio of spliced to unspliced RNAs is constant for mRNAs across tobacco development but appears regulated for tRNAs.
We next used data points for 7-and 25-day old plants from RNA gel blot hybridization experiments and calculated the 25d/7d ratios of the precursor RNA signals for each probe (Fig. 2B) . Overall, RNA accumulation ratios resemble ratios from run-on transcription experiments. Both, transcription and RNA accumulation rise in mature tissue for the genes investigated. For most genes, the increase in transcription activity and the increase in RNA accumulation are equal or differ maximally by a factor of two. By contrast, RNA accumulation of the trnK precursor increases 29-fold in the mature tissue, while transcriptional activity only increases 2-fold (Fig. 2B ). This suggests that trnK precursor RNA is stabilized in mature tissue. Alternatively, reduced splicing of the precursor in mature tissue increases precursor abundance. In any case, trnK is the most strongly regulated gene in the set investigated here.
Dynamic association of MatK with different target RNAs across tobacco development
It has been shown that the RNA binding activity of many RNA binding proteins is regulated (Dreyfuss et al., 2002) . This has also been demonstrated for several nuclear splicing factors (e.g. Manley and Tacke, 1996; Huang et al., 2007) . In chloroplasts, RNA affinity of certain RNA recognition proteins depends on post-translational modifications in vitro (Lisitsky and Schuster, 1995) . With our interest in the regulation of MatK, we sought to determine the association of MatK with its target introns in two developmental stages. We isolated chloroplasts from 7-day old and 25-day old plants carrying an engineered version of MatK with an HA-epitope tag either at the N-or at the C-terminus (transplastomic plants described
in Zoschke et al., 2010) . The tagged MatK protein was immunoprecipitated from stroma extracts with an anti-HA antibody (Supplemental Fig. S1 ). RNA was extracted from precipitated and supernatant fractions of the immunoprecipitation and dot-blotted onto a nylon membrane. These membranes were hybridized with radiolabeled probes for the seven known target introns of MatK (Fig. 4A) The ratios are displayed for each of the two developmental stages in a pie chart as fractions of the sum of the ratios of all MatK targets (Fig. 4B) . We call these the relative enrichment ratios. They allow scoring differences in immunoprecipitation results within each developmental stage. For example, at day 7, the most strongly enriched intron is the one in trnA, followed by the trnK intron. The least enriched intron is the intron 2 in the rps12 mRNA precursor. The atpF intron is only number five in the list of enrichment ratios at day 7. This changes towards day 25, when enrichment of the atpF intron increases and is only topped by the trnK intron. To visualize and quantify such changes better, we plotted the ratio of relative enrichment ratios at 25 days over 7 days in Figure 4C . This shows that enrichment of the atpF mRNA increases 3-fold in the mature seedlings, which marks the largest change of all MatK-associated introns. Other RNAs show a reduced enrichment like trnV and the rpl2 mRNA. These changes do not correlate with changes in transcript abundance between the two growth stages (Fig. 2B) . In sum, this analysis shows that (i) MatK associates with different affinity to different introns and (ii) that affinities change over tobacco development.
A mathematical model accurately reflects the characteristics of the MatK gene expression network
The experimental data have shown so far that MatK associates with different RNA precursors forming pre-RNA/MatK complexes including pre-trnK/MatK complexes (Zoschke et al., 2010) , MatK protein accumulation varies inversely with changes in the matK mRNA levels ( Fig. 1) , and there is no correlation between levels of the spliced trnK and the matK (trnK precursor) RNA (Fig. 1) . What mechanism cause these observed inverse correlations?
We emphasize that such a question cannot be answered intuitively but requires mathematical models. Here, we developed two models of regulation of the matK expression (Fig. 5) . In Model 1 (Fig. 5A ), we assumed that MatK down-regulates its own production through a negative feedback loop mediated by pre-trnK/MatK repression complexes in the light of the fact that direct auto-regulation exists for bacterial maturases (Singh et al., 2002) .
In Model 2 (Fig. 5C ), we considered the case that there is not such feedback regulation of matK translation to analyze whether this model can still explain the observed expression dynamics. Both models were built with the intention to use a minimum number of variables and parameters that is nevertheless capable of explaining the dynamics within the matK system. Eventually, a model is aimed to identify important regulatory points. To set the stage for our theoretical investigation, we first state our assumptions, also using the simplified models as outlined in Figure 5A /C. First, we deliberately based our model exclusively on chloroplast genetic information to test whether we still could arrive at an output that is congruent with our experimental data. We do not dispute that nuclear-encoded factors are essential for all steps of chloroplast gene expression including splicing and that these factors can be expected to also exert regulatory control over most individual gene expression steps. However, there is to date little evidence for nuclear factors actively regulating chloroplast gene expression (Raynaud et al., 2007; Boulouis et al., 2011) and chloroplast auto-regulation has been observed for several chloroplast genes (Choquet et al., 2001; Ramundo et al., 2013) . Second, we disregarded the 1 0 mRNA targets of MatK, such as atpF, rpl2 and rps12, and focused only on tRNA-MatK interactions (hereafter called tRNA-MatK splicing network), because these mRNAs are expressed to a much lower level than the tRNAs. In particular, trnI and trnA are expressed as part of the rRNA operon, which has been shown to have the highest transcription levels of all genes in the plastid genome (Legen et al., 2002; Nakamura et al., 2003) . By comparison, rps12 and rpl2 transcription and mRNA levels are much lower, close to the detection level (Legen et al., 2002) . Third, we assumed that formation of tRNA/MatK complexes is a prerequisite for splicing, since a role of MatK for splicing of these introns is very likely (Zoschke et al., 2010) . Dissociation constants of other group II intron binding factors are low and complex recycling is inferred to occur slowly (Saldanha et al., 1999; Wank et al., 1999; Rambo and Doudna, 2004; Ostersetzer et al., 2005) . Accordingly, we fourth assumed the For Model 1, the dynamics of these variables is described by the following system of differential equations:
Here, the various rate constants parameterize transcription ( 
We determined the parameters of both models using an optimization procedure that fit Model 1 and Model 2 to our experimental data including values for RNA accumulation of the trnKmatK precursor and spliced trnK tRNA taken from Northern blot analyses shown in Figure 1 and MatK protein values taken from previous Western blot analyses (Zoschke et al., 2010) .
The optimal parameters we obtained for both models are listed in the methods section.
With auto-regulation included (Model 1), the dynamical behavior of accumulation of unspliced and spliced transcripts observed later than 7 dpi ( Fig. 1) complex formation at a later stage (25 dpi) of tobacco development was assumed (Fig. 5B ).
We modeled this delayed complex formation explicitly as delay differential equation (Eqs. 1, 2, 5 and 6). A model of delay differential equations enables us to group unknown biological processes together to account only for the time required for these processes to occur. Here, the unknown processes are those that cause the expression dynamics of tRNA precursor and mature tRNAs around 25 dpi. As shown in Figure 5B /E, Model 1 produces time courses quantitatively similar to the experimental ones (Figs. 1, 3) . Moreover, Model 1 predicts the likely time course of formation of pre-trnK/MatK repression complexes and pre-tRNA sum /MatK complexes. Notably, Model 1 is also able to simulate the time point of maximum production of MatK protein ( Fig. 5B /E) although we did not use any direct constraints to arrive at the characteristic shape of its accumulation. We also calculated the ratio to ratio (25d/7d) of the pre-trnK/MatK repression complex (R-R25d/7d=1.2) and again found agreement with experiments ( Fig. 4C) . Thus, we demonstrate that this minimal regulatory tRNA-MatK network is enough to explain our data.
The model without auto-regulation (Model 2) reflects the expression dynamics of mature tRNAs but fails to reproduce the sharp decline of the MatK protein levels around day 25 ( 
Modeling suggests that the disruption of auto-regulation leads to an overaccumulation of MatK
The analysis of the two models suggests that an auto-regulation like in it would preferably interact with these over-expressed sequence elements. As a result, less
MatK molecules would associate with the endogenous repression site in the trnK (matK)
precursor RNA causing a disturbance of the negative auto-regulation.
With disrupted auto-regulation, Model 1 predicts a striking over-accumulation of MatK paralleled by a decline in trnK (matK) precursor RNA (Supplemental Fig. S2A ). Both, the peak of MatK protein levels at 7 days as well as the double peak of matK mRNA levels are lost. Moreover, unspliced tRNAs are sharply decreasing while mature tRNAs are increasing which could be explained by increased splicing of tRNAs fostered by MatK and pretrnK/MatK complexes. Most importantly, the simulation suggests that the auto-regulatory feedback seems to prevent an over-production of MatK.
Development-dependent complex formation could ensure correct timing of intron splicing
We also asked how increased MatK target tRNA levels (tRNA sum ) would influence the expression dynamics of the tRNA-MatK splicing network. Constitutive over-expression was simulated through increasing the transcription rate of the pre-tRNA sum gene 10-fold and 20-fold (k 5r in Eq. 5) while keeping the degradation rates (k 1d , in Eq. 1; k 5d , in Eq. 5) of the tRNA precursors constant. Model 1 predicts an increase in the levels of tRNA sum /MatK complexes and mature tRNA sum , respectively (Supplemental Fig. S2B ). Furthermore, elevated levels of mature trnK tRNAs increases rapidly and greatly exceeds the simulated wild-type amount.
Interestingly, this simulation strongly indicates that insufficient quantities of pre-trnK/MatK repression complexes at an early stage of development lead to over-production of MatK, which is potentially harmful for chloroplast development (see Discussion).
The absence of early tRNA sum /MatK complexes as simulated in Supplemental Figure S2D leads to excess quantities of unspliced tRNA sum precursors. They are predicted to form complexes with MatK at a later stage of development in order to finally be spliced very fast.
By contrast, the pre-trnK-matK precursors are processed more and earlier in this simulated mutant. Later on, trnK maturation is again balanced due to enhanced maturation of the MatK trans-tRNA-targets. Interestingly, earlier build-up of MatK/trnK repression complexes leads to reduced levels of MatK.
DISCUSSION AND CONCLUSIONS
MatK gene expression is regulated at the level of protein and RNA accumulation
The unique position of MatK as the only chloroplast-encoded splicing factor conserved in land plant evolution prompted us to investigate its expression dynamics in plant development to get insights into how MatK might be regulated. We included expression of six further plastid genes in our analysis, because these genes are targets of the splicing factor MatK (Zoschke et al., 2010) . Monitoring transcription, RNA accumulation, RNA processing and protein accumulation is necessary to uncover potential regulatory steps in gene expression,
i.e. steps where the different processes are not only determined by input of the proceeding process. In this way, we identified a striking discrepancy between the maximum amounts of MatK protein accumulation early in plant development (day 7) and the minimal matK mRNA levels at the same time. Most parsimoniously, our data suggest that translation of MatK is induced actively at this stage, although increased protein stability would lead to the same results. Given that it is not easy to detect even steady-state amounts of MatK, it will be a challenge to differentiate between these two options in the future. Noteworthy, 7-day old plants consist almost entirely of cotelydons, while at later stages, primary leaves emerge. As we find comparatively low RNA amounts for all transcripts tested at this stage (Fig. 1, 3) , a cotyledon-specific reduction in RNA accumulation has to be considered here. In any case, a strong accumulation of the MatK protein at early stages in plant development seems sensible, as this is a time when chloroplast biogenesis is in full gear. Since this requires plastid translation, MatK as an essential splicing factor for a set of tRNAs and two ribosomal protein coding mRNAs is needed as well.
Next to effects on the protein level, we also found differences between the changes in matK transcriptional activity and changes in matK RNA accumulation over development. This effect stood out over the much more mild changes found for the other genes tested, suggesting transcript, a 54kD endonuclease has been shown to bind to the 3'-UTR and to mediate its processing (Nickelsen and Link, 1993) . This or other proteins might contribute to differential stabilization of the matK mRNA.
Age-dependent binding of MatK to target introns
There is to date no evidence that chloroplast RNA splicing would be a rate-limiting step in gene expression in land plants, e.g. no correlation between splicing rates and the amount of the final gene product has been established for chloroplast RNAs. In few cases, tissue specific changes in the abundance of spliced to unspliced mRNAs have been found (Barkan, 1989; McCullough et al., 1992) , but whether this is caused by altered splicing rates or via differential stability of spliced RNA versus precursor-RNA was not shown. For tRNAs with introns, changes in splicing would directly impact the amount of the final gene product.
Tissue-dependent changes in the ratio of spliced to unspliced transcripts have been described for the mustard trnG intron (Liere and Link, 1994). We here show that precursor mRNAs and mature mRNAs display similar curves of accumulation during development, while tRNA precursors and mature tRNAs show striking differences ( Fig. 1A ; 3A-D). All five mature tRNAs analyzed reach a plateau early during development, while precursor tRNA levels peak late at 25 dpi. Whether this means that splicing rates decrease later in tobacco development or whether the precursors are stabilized remains to be determined. The observations of potential tissue-specific splicing described above imply changes in the activity of splicing factors. Previously, the amounts of the splicing factor CRS1 have been demonstrate to correlate with splicing of its target intron in the atpF mRNA, incidentally also a target of MatK (Till et al., 2001) . MatK levels are high in young tissues when atpF splicing rates are high as well (Fig. 1) . Later in development, MatK levels have decreased dramatically, while atpF splicing rates are invariantly high. This on first sight suggests that MatK might be responsible for rate-limiting splicing of atpF only at early stages of development, while later, nuclear factors like CRS1 might limit. We have however gone beyond a simple correlation of splicing factor / target introns and asked whether affinities of MatK for atpF and its other targets change during development. Intriguingly, affinity for atpF increases three-fold in mature tissue, while association with most other introns remains stable or declines slightly (Fig. 4) . This suggests that binding of MatK to the atpF intron is a regulated process and that decreased MatK levels could be compensated by changes in RNA affinity. In the absence of indications for MatK protein modifications it will be challenging to understand how such affinity changes could be induced. Again, nuclear factors might be 
A model of a simplified MatK gene expression network reflects the experimental data with great precision
We present here a detailed analysis of the kinetics of transcription rates, RNA accumulation, RNA processing, product accumulation and RNA-protein interactions. Identifying key steps inside such a diverse data set is difficult. We therefore used a mathematical approach to gain an improved understanding of the system. To the best of our knowledge, this is the first theoretical investigation applied to problems in organellar gene expression. We investigated two models. In Model 1, we assumed that the MatK protein auto-regulates its own production via pre-trnK/MatK repression complexes. In Model 2, we assumed that there is no such autoregulation. Both models were fit to our experimental data. We found that only Model 1 could capture the expression dynamics of MatK as well as the MatK targets and even our simulated pre-trnK/MatK-complex ratio (25d/7d) was in perfect agreement with our experimental observations (Fig. 5) . A particularly beneficial outcome from simulating of this system is that our mathematical model could produce predictions of the dynamic process of RNA-protein complex formation. Thus, our model predicts a first increase in the amount of RNA/protein complexes at the early stage of development and a second one at day 25. The second temporal peak formation of complexes was explicitly modeled as delay differential equation. Generally, observed dynamics that result from unknown biological processes can be lumped together into a form of time delay (Epstein, 1990 ). Here, the two different time points of maximum formation of tRNA/MatK complexes may account for a transition in the roles of MatK and nuclear-encoded splicing factors. Indeed, splicing in chloroplast was demonstrated to rely on a multitude of different factors. MatK is only one of them (Khrouchtchova et al., 2012) . A simple interpretation is that MatK within the chloroplast "spliceosome" limits the splicing rate at the early stage of development, whereas nuclearencoded splicing factors become rate-limiting later on, when the MatK protein production is steadily suppressed by pre-trnK/MatK complexes. The explicit delay could reflect the time lag of changes in the composition of RNA/protein complexes with nuclear-encoded splicing factors becoming rate limiting for the splicing process in mature tissue and possibly replacing MatK as the limiting factor for the splicing process. This is a prediction that we propose to test by measuring the temporal variation of composition of the chloroplast splicing machinery on MatK-dependent introns. As more data become available, it will be possible to determine how to include nuclear-encoded splicing factors with intron target ranges overlapping the one of MatK (e.g. RNC1, WTF1, CRS1, WHY1, THA8) into the network model. 
Testable Predictions from the mathematical model
An intriguing feature of our analysis was that the fit of the model to our experimental data was dramatically improved by the assumption of MatK auto-regulation. The importance of auto-regulation is amenable to straightforward experimental testing, most directly by A surprising side-effect of the simulated over-expression of pre-tRNA sum genes was that the maturation of trnK transcripts was slightly delayed, particularly at the early stage of development (see graph "mature trnK"; Supplemental Fig. S2B ). In contrast, missing quantities of early pre-tRNA sum /MatK complexes could counteract this delay and cause splicing to occur slightly earlier (see graph "mature trnK"; Supplemental Fig. S2D ). Most importantly, even insufficient amounts of early pre-trnK/MatK repression complexes gave rise to potentially harmful over-production of MatK (Supplemental Fig. S2C ). Therefore, we reason that early pre-trnK/MatK repression complexes appear to (1) assure accumulation of spliced tRNAs in time before they are needed for bulk photosystem translation and (2) prevent excess of MatK proteins. The predicted delay in maturation indicates a developmentally persistent molecular defect in plants with reduced pre-trnK/MatK complexes within the first days of chloroplast development. Such mutants are supposed to be delayed in their development from germination onwards. One potential additional role of MatK next to auto-regulation could therefore be to ensure tight translation regulation in chloroplast, starting from the very early developmental stage of the tobacco plant. We chose a minimal set of parameters, which regulates chloroplast tRNA splicing via MatK. Additional components of the chloroplast MatK splicing mechanism almost certainly remain to be considered, but we 1 8 believe that our minimal mathematical model is a significant step forward in understanding the role of MatK in the chloroplast splicing system. It aids experimental design and allows the identification of sensitive nodes in the network or the analysis of perturbation effects on the system. The detailed kinetics of RNA/protein complex formation has not been measured. Consequently, our model cannot be regarded as a precise quantitative model of the tRNAMatK splicing network. However, our model can be extended stepwise by different kinetic mechanisms in order to gain deeper insights into the various underlying processes of MatKdependent tRNA splicing in chloroplasts. RNA gel blot analyses and run-on transcription 5 μ g total RNA was used for RNA gel blot analyses as described previously (Beick et al., 2008) . PCR probes were radioactive body labeled with [α-32 P]dCTP using the DecaLabel DNA labeling Kit (Fermentas). Oligonucleotide probes were end labeled with [γ-32 P]ATP using T4 polynucleotide kinase (Fermentas). The sequences of oligonucleotide probes and the primers used for the amplification of PCR probes are given in Supplemental Table S1 .
MATERIALS AND METHODS
Plant material Previously described transplastomic
Chloroplasts were isolated from seedlings/plants 7d/25d after imbibition as described previously (Zoschke et al., 2010) . 5 x 107 chloroplasts were used for a 10 minute in vivo runon labeling of transcribed transcripts with [α- Table S1 .
Protein protocols
Isolation of proteins from plant tissues was carried out as described (Barkan, 1998) . Protein amount of HA-epitope labeled MatK was analyzed by SDS-PAGE and immunoblotting (anti-HA antiserum, Sigma-Aldrich). Quantifications of immunological analyses were carried out as described (Zoschke et al., 2010) .
Computational methods
Optimization process
Model 1 and Model 2 were implemented using Matlab (R2011b, Mathworks, Cambridge, UK), with the dde23 solver. In order to investigate whether the models sufficiently explain the data we fit these models to the measured data points (see Results) using a least-squares method. The cost function to be optimized is the sum of the least squares We took auto-regulation out of the equation (4). The equation (4) changes to equation (9).
Simulation of the tRNA-MatK gene expression network with MatK trans-target genes overexpressed (Supplemental Fig. S2B)
To simulate an over-production of tRNA sum precursor transcript we constitutively increased the rate k 5r 10-fold and 20-fold: Fig. S2C, D) To simulate the absence of early pre-trnK/MatK complexes and tRNA sum /MatK complexes, the formation rates of pre-trnK/MatK complexes (k 2a ) in equation (2) and pre-tRNA sum /MatK complexes (k 6a ) in equation (6) rate of pre-tRNA sum (trnA, trnV, trnI) was increased 10-fold (10X k 5r rate) or 20-fold (20X k 5r rate). As a result, tRNAs mature timely delayed and MatK over-accumulates. C,
